Abstract Mapping the land-cover pattern dominated by complex Mediterranean silvo-pastoral systems with an accuracy that enables precise monitoring of changing tree-cover density is still an open challenge. The main goal of this paper is to demonstrate the implementation and effectiveness of the Forest Canopy Density (FCD) model in producing a remote sensing-based and detailed map of montado canopy density over a large territory in southern Portugal. This map will make a fundamental contribution to accurately identifying and assessing High Nature Value farmland in montado areas. The results reveal that the FCD model is an effective approach to estimating the density classes of montado canopy (overall accuracy = 78.0 %, kappa value = 0.71). The study also shows that the FCD approach generated good user's and producer's accuracies for the three montado canopy-density classes. Globally, the results obtained show that biophysical indices such as the advanced vegetation index, the bare soil index, the shadow index and the thermal index are suitable for estimating and mapping montado canopy-density classes. These results constitute the first remote sensing-based product for mapping montado canopy density that has been developed using the FCD model. This research clearly demonstrates that this approach can be used in the context of Mediterranean agro-forestry systems.
Introduction
The existence of traditional agricultural landscapes in Europe is considered to be a reflection of their rich cultural and natural heritage. The huge variety of natural conditions and traditional farming practices in Europe has created unique landscapes that have provided living conditions for a large number of plant and animal species (EEA/UNEP 2004; Doxa et al. 2010; Plieninger and Bieling 2013) . This is the case for the extensive agro-forestry systems in southern Iberia, which are now acknowledged as being unique landscapes and hotspots of biological diversity. In recent decades, however, it has been reported that the biodiversity of European agro-ecosystems is in a clear and worrying state of decline (Billeter et al. 2008; Oppermann et al. 2012; Stoate et al. 2009 ).
To prevent the loss of farmland biodiversity, several relevant conservation efforts at the European level have been implemented, such as habitat and bird directives and the biodiversity action plan for agriculture. Another initiative that is relevant to conserving the biodiversity of farmland is the identification of High Nature Value Farmlands (HNV) at European, national and regional levels (Andersen et al. 2003; EEA/UNEP 2004; Paracchini et al. 2008 ). According to Andersen et al. (2003) HNV 'can be defined as those areas in Europe where agriculture is a major (usually the dominant) land use and where that agriculture supports or is associated with either a high species and habitat diversity or the presence of species of European conservation concern or both'.
Some of the largest HNV areas are found in southern Europe. They consist of habitats such as the montado (in Portugal), dehesa (in Spain), semi-natural grasslands and steppe areas (EEA/UNEP 2004; PintoCorreia and Carvalho-Ribeiro 2012) . The montado is an agro-silvo-pastoral system dominated by cork oak (Quercus suber) and/or holm oak (Q.
[ilex] rotundifolia) in varying densities, usually with a systematic undercover combination of livestock grazing, agriculture and forestry uses PintoCorreia et al. 2011; Vicente and Alés 2006) . The montado is one of the most biodiversity-rich ecosystems in the western Mediterranean Basin and is broadly classified as HNV (Branco et al. 2010; Díaz et al. 2003; Pinto-Correia and Carvalho-Ribeiro 2012) . However, because it presents a degree of spatial fuzziness determined by the variability in cover density, which in turn has been shaped by decisions made by farmers, different intensities of management practices, and also by biophysical constraints, biodiversity values might also vary between different montado patches. Thus, not all areas where montado occurs can be classified as HNV farmlands (Almeida et al. 2013 ) and the need for a precise classification underlies the extended use of the HNV classification in carrying out targeted management of montado areas.
As stated above, montado is spatially characterized by the variability of its tree-cover density. In turn, this tree-cover variability creates different ecological features by altering the local climate conditions, water balance, and nutrient cycling (Joffre and Rambal 1993; Marañón et al. 2009; Plieninger et al. 2004; Plieninger 2006) . On the other hand, the gradient between low and high tree-cover density over montado landscape can provide different structural heterogeneity and habitat diversity, determining the composition of species communities (Díaz et al. 1997 (Díaz et al. , 2003 Marañón et al. 2009 ). Studies carried out in Portugal and Spain have identified montado tree-cover density as one of the most important variables in determining bird diversity (Díaz et al. 2003; Godinho and Rabaça 2011) . In summary, and as observed in other agricultural landscapes, montado tree-cover density plays an important role in maintaining ecosystem functions and farmland biodiversity (Fischer et al. 2010; Harvey et al. 2006; Manning et al. 2006; Morelli et al. 2014) .
To date, the identification of HNV farmlands has most often been based on spatial data from various data sources such as land-cover maps, agricultural statistics and biodiversity datasets (Oppermann et al. 2012) . Nevertheless, when an HNV classification is required at a regional/local scale to support, for example, regional planning and conservation policies, the main limitations that are faced stem from the availability of some of the above-mentioned datasets and also their spatial resolution. In order to overcome these limitations, which can significantly compromise the accuracy of HNV classifications, some interesting approaches have been taken to improve the effectiveness of HNV classification methodologies using a remote sensing-based approach, mainly at a regional/ local scale (Almeida et al. 2013; Hazeu et al. 2014) .
Given the existing relationship between tree cover, biodiversity and management intensities in the montado, it is essential to integrate information on treecover density in order to achieve more effective results through approaches to HNV identification. In this sense, the availability of accurate and up-to-date geographic information on montado tree-cover density with a high spatial resolution is an important factor in moving towards more accurate identification of montado areas as HNV farmlands. Traditional methods like field inventories and aerial photo interpretation can be used for the density mapping of land cover and tree cover. However, these tasks are often timeconsuming, too expensive and limited in their ability to provide spatially continuous information over large territories (Xie et al. 2008) . When supported by remote-sensing technology, land-cover mapping can be performed with a lower amount of field data and therefore becomes more cost-effective (Bhandari et al. 2012; Franklin et al. 2000; Rogan and Chen 2004) .
In recent decades, mainly due to significant improvements in the spatial and spectral resolutions of satellite sensors and in image-processing techniques, several methods of producing forest-cover maps from remotely sensed data have been proposed (Boyd et al. 2002; Carreiras et al. 2006; Cross et al. 1991; Dorren et al. 2003; Defries et al. 1997; Gong et al. 1994; Joshi et al. 2006; Levesque and King 2003; Rikimaru et al. 2002) . One of the most widely used methods for forest-cover estimation using satellite imagery is the Forest Canopy Density Model (FCD) (Baynes 2004; Chandrashekhar et al. 2005; Deka et al. 2013; Joshi et al. 2006; Mon et al. 2012) , which was presented by Rikimaru et al. (2002) . Forest-canopy density is closely related to stem density (James and Randall 2012; Jennings et al. 1999 ). The FCD model quantifies the degree of forest density and expresses it as a percentage (0-100 %). Most of the studies that have used the FCD model were conducted in tropical forests, revealing that this model is highly effective at extracting information on forest-canopy density (Chandrashekhar et al. 2005; Deka et al. 2013; Joshi et al. 2006; Nandy et al. 2003) . Although the FCD model has been widely used in several studies, only one reference to its use in the Mediterranean agroforestry systems has been identified (Vinué and Gómez 2012) .
The main goal of this paper is to demonstrate the implementation and effectiveness of the FCD model in producing a detailed, remote sensing-based map of montado canopy density over a large territory. It will be possible to use this map as a fundamental variable in accurately identifying and assessing HNV farmland in montado areas.
Materials and methods

Study area
This study was conducted in southern Portugal (Fig. 1) , a region that has a long history of occupation by cork oak and holm oak species (Bugalho et al. 2009; Pinto-Correia et al. 2011) . The study area comprises the Alto Alentejano Superdistrict, which occupies an area of 856,720 ha (centre of the study area: 388 44 0 27.60 00 N; 78 41 0 31.20 00 W) ( Fig. 1 ). It was selected in accordance with the published biogeographic boundaries defined by Costa et al. (1998) . Elevation values vary from 40 to 645 m, corresponding to a low-roughness zone. The dominant soil types are luvisols (ortic, vertic and ferric) and lithosols. Eutric cambisols and calcic luvisols are less common but are also represented. The mean annual temperature ranges from 15.4 to 15.9°C while annual precipitation presents larger spatial variability, varying between 542.2 and 808.1 mm. With the exception of the western boundary, which is surrounded by the upper thermomediterranean thermotype, all of the remaining area is included within the lower mesomediterranean belt. The majority of the study area is upper dry except for the south-eastern boundary, which is lower dry, and both main hills present a lower sub-humid ombrotype (Mesquita and Sousa 2009 ). Phytosociologically speaking, both Pyro-Quercetum rotundifoliae and SanguisorboQuercetum suberis montados on siliceous soils are dominant in the landscape while Lonicero implexaeQuerceto rotundifoliae is a characteristic series associated with areas of marble (Costa et al. 1998) . Montados occupy about 44.8 % of the study area, being the dominant land-use system in the region, followed by arable land (27.9 %). Therefore, this biogeographic region is a representative area in terms of montado cover dominance and is also a suitable region in which to assess the effectiveness of the FCD method due to its high spatial variability in terms of montado tree density.
Data used and image pre-processing
This study aims to use Landsat-5 TM multispectral data to apply and assess the FCD model in order to estimate and map montado canopy density. The TM sensor was used to acquire six visible and near-infrared (VNIR) spectral bands (bands 1-7) with a spatial resolution of 30 m and one thermal-infrared (TIR) band (band 6) with a spatial resolution of 120 m. TM VNIR bands 1-5 (B1, B2, B3, B4 and B5, respectively) and TIR band 6 (B6) were used in this study. A Landsat-5 TM scene covering the case study area (Fig. 1 ) in southern Portugal was acquired on 20 July 2003. This summer-season acquisition ensured that most of the croplands and pastures were dry and would therefore provide a better spectral contrast between the overstorey and the understorey (Carreiras et al. 2006) .
The image location corresponds to path 203 and row 33 of the Landsat Worldwide Reference System (WRS). The processing level of the acquired image corresponds to ''Standard Level 1 Terrain Corrected'' (L1T), which configures a systematic radiometric and geometric correction through the incorporation of ground control points (GCP) and a digital-elevation model (DEM). The acquired scene is a free cloud cover image (Fig. 1) . As an additional pre-processing task, an atmospheric correction was applied to selected multispectral bands by using the Quick Atmospheric Correction (QUAC) method. This method determines the atmospheric compensation parameters directly from the information contained within the scene using the observed pixel spectra. The approach is based on the empirical finding that the spectral standard deviation of a collection of diverse material spectra, such as the endmember spectra in a scene, is essentially spectrally flat (Bernstein et al. 2005 ).
Estimation of montado canopy density
To avoid misclassifications between other land-cover types and montado canopy density classifications, a mask of montado areas that occur over the study area was built using the montado map produced by Godinho et al. (2014) . This montado map was produced for the whole of southern Portugal by following the cartographic specifications of the Corine Land Cover project (e.g., map scale = 1:100,000, minimum map unit = 25 ha, minimum distance between lines = 100 m, and several generalization rules). Therefore, the created montado mask was selected as our study site and was Fig. 1 Location of the study area and representation of the area using Landsat TM imagery band 4 as background and study site represented by montado patches used to limit image processing and calculation tasks involving biophysical indices only for the montado areas.
Forest canopy density model (FCD)
The FCD model developed by Rikimaru et al. (2002) is comprised of biophysical variable modelling and analysis supported by information derived from four remote sensing-based biophysical indices: the advanced vegetation index (AVI), the bare soil index (BI), the shadow index (SI) or scaled shadow index (SSI), and the thermal index (TI). Once the Landsat TM bands have been normalized (except for band 6), it is possible to combine these four indices in order to calculate the canopy density expressed as a percentage for each pixel (0-100 %). The relationship between the biophysical indices and the spatial patterns of the FCD conditions is established by using the conceptual model expressed in Fig. 2 (adapted from Rikimaru et al. 2002) .
Advanced vegetation index (AVI)
The advanced vegetation index (AVI) responds sensitively to vegetation quantity when compared to the NDVI. In fact, the NDVI is unable to highlight subtle differences in canopy density. The AVI was calculated using Eq. 1:
ð1Þ AVI = 0 if B4 \B3 after band normalization The AVI has a positive relationship with the amount of vegetation. Consequently, its value is high for high forest density and grassland and low for low forest density and bare land.
Bare soil index (BI) Vegetation types with a marked background response, such as the montado agroforestry system, are enhanced by using the bare soil index (BI). This index is a normalized index of the difference sums of two reflective (near-infrared and blue) and absorption (short-wave infrared and red) bands. This index is suitable for differentiating between several vegetation strata with different backgrounds, such as completely bare soil, sparse canopy and dense canopy. The BI was calculated using Eq. 2.
where 0 \ BI \ 200. The BI increases as forest density decreases and the degree of soil exposure increases (Rikimaru et al. 2002; Baynes 2004 ).
Shadow index (SI)
The shadow index (SI) is a function of the number of tree crowns: if there are more trees, there is consequently more shadow. Thus, this index increases as the forest canopy cover increases and its value is higher for high forest density and lower for grasslands and bare soil. However, when forest density is very high, shadows cannot be accurately measured using this remote sensing-based approach and the canopy density might therefore be underestimated. To deal with this constraint, the SI is scaled using a linear transformation, resulting in a scaled shadow index (SSI) (Rikimaru et al. 2002; Mon et al. 2012 ). Based on this transformation, SSI = 0 corresponds to forests which have the lowest SIs (0 %) while sites where the SSI = 100 represent forests with the highest possible shadow value (100 %). The SI was calculated using Eq. 3.
Thermal index (TI) The thermal index is also an important component in FCD process computation due to its strong but negative relationship with forest density. High-density forest stands reveal low temperatures because tree canopies block and absorb solar energy and evaporation takes place from the leaf surface, which mitigates warming. The TI therefore increases as vegetation density decreases. However, in sites where the soil is black (or very dark), low irradiant data from these soils may confuse shadow phenomena with black soil conditions. In these situations, SI values are high and may lead to shadows being misclassified as vegetation instead of bare soil. Despite the high shadow values in these conditions, the TI is also high. Therefore, this misclassification can be avoided by overlaying these two variables to combine the TI and SI, since shadows decreases soil temperatures (Rikimaru et al. 2002) . Consequently, the TI can be used as a previous step in the FCD method for detecting black soils and differentiating them from grassland and forest, thereby improving the SI variable. To achieve this, an overlay process was carried out using shadow and thermal indices to identify pixels with higher values of both variables. Once these pixels had been identified, a reclassification process was performed only on the shadow-index variable, where these pixels were reclassified to zero values in terms of SI.
To incorporate temperature information into the FCD procedure, the ground temperature was extracted from a non-normalized thermal band (B6) by means of two steps: (1) calculating the spectral radiance L b from the digital number of band 6; and (2) performing a spectral radiance conversion to ground temperature T. These two steps were performed using the following equations (Jamalabad and Abkar 2004; Joshi et al. 2006) :
where L max and L min are the maximum and minimum thermal radiation energies, which for Landsat 5 TM is L min = 1.238 W/(m 2 sr) and L max = 15.600 W/(m 2 sr); DN 6 is Band 6 digital number; T is the effective atsatellite temperature in K, K1 = 607.76 W/(m 2 sr lm) and K2 = 1260.56 K.
Computing the FCD model In order to apply the FCD model, both the AVI and BI were primarily integrated into a Vegetation Density (VD) index by performing a Principal Component Analysis (PCA1). Fig. 2 Conceptual model used to estimate montado canopy density classes (adapted from Rikimaru et al. 2002) The VD obtained was scaled to values from 0 to 100 in order to produce the scaled vegetation density (SVD) (Rikimaru et al. 2002; Deka et al. 2013 ). Finally, with both the SVD and SSI expressed as percentage scale units, it was possible to calculate the montado canopy density for each pixel using the following equation:
Based on the FCD model, four classes were obtained: non-montado areas (Nm) (\10 %); low montado canopy density (Lm) (11-40 %), moderate montado canopy density (Mm) (41-70 %) and high montado canopy density (Hm) (71-100 %). The nonmontado class was included in the classification scheme due to the existence of some open areas covered by the montado mask shapefile.
Ground-truth data and assessing the accuracy of the FCD To ensure that representative and reliable groundtruth data was obtained for the four classes, a dataset of 200 sample pixels (50 pixels for each class) covering the montado mask was created. All of these pixels resulted from photo-interpretation and subsequent cross-validation processes that used as their cartographic bases a set of very high-resolution (0.5 m) true-colour orthophotomaps produced in 2005 by the CNIG-Portuguese National Centre of Geographic Information (scale 1:10,000). The 200 pixels were used to assess the accuracy of montado canopy density estimations obtained by the FCD model.
The accuracy of classifications of remote-sensing images is usually analysed by using error matrices and kappa statistics (Congalton and Green 2009) . Hence, in order to assess the accuracy of montado canopydensity estimations obtained by the FCD model, a confusion matrix was computed and four accuracyassessment measures were calculated: overall classification accuracy (OA), producer's accuracy (PA), user's accuracy (UA) and Kappa coefficient (K) (Congalton and Green 2009) . The accuracy measures obtained were subsequently analysed in order to verify the effectiveness of the FCD model in estimating montado canopy density.
Results and discussion
Spatial patterns of montado canopy-density classes
The spatial patterns of montado canopy-density classes over the study site, which were estimated by applying the FCD method, are shown in Fig. 3 . Based on this map, it can be observed that the percentage of area occupied by each montado canopy-density class is noticeably different. Specifically, the application of the FCD model revealed the low-density class to be the most representative, occupying 54.1 % of the total montado area, followed by the moderate-density and high canopy-density classes, which respectively occupied 33.3 and 12.6 % (Fig. 4) . The results derived from the application of the FCD model reflect the same trend as that reported by the National Forestry Inventory's results, which demonstrated a decreasing percentage area from low to high montado density classes (AFN 2010; Tomé 2006) . Therefore, the results obtained show that the reliability of the FCD model is not area-dependent because they reveal the same trend (low-density classes occupy a greater percentage area than moderate and high-density classes) as that observed in other regions of Portugal.
Accuracy and performance of the FCD in estimating montado canopy density Considering the spatial complexity of the montado ecosystem (van Doorn and Pinto-Correia 2007), the accuracy-assessment results produced by applying the FCD approach are positive. The cartographic accuracy of the map produced shows an overall accuracy (0-100 %) and kappa value (0-1) of 78.0 % and 0.71, respectively. The confusion matrix computed in this study (Table 1) revealed that the FCD approach generated good user's and producer's accuracies for the three montado canopy-density classes and also showed that the accuracy of these assessment measures tends to increase from low to high-density classes. This could be explained by the variation in spectral reflectance from heterogeneous (and sparser) to more homogeneous (and denser) montado canopydensity classes (Chandrashekhar et al. 2005; Joshi et al. 2006; Mon et al. 2012 ). More heterogeneous montado classes generate more complex patterns of spectral reflectance due to their spatial variability in montado tree density, leading to slightly lower accuracies for low montado density classes, such as those observed in other studies of forestal canopy density (Mon et al. 2012; Panta et al. 2008) .
The overall producer's accuracy over the three canopy density classes was 81.3 %, revealing that the four biophysical indices (AVI, SI, BI and TI) used in the FCD method were suitable for accurately differentiating between all three montado canopy-density classes. Using the FCD model (which incorporates the BI in its calculations), the component of soil reflectivity-a very important spatial characteristic of montado landscape-is selectively distinguished from the existing montado canopy cover, leading to a more accurate classification (Rikimaru et al. 2002) . On the other hand, sites where the soil seems to be black (showing low irradiant data), and which therefore present a high SI value, may lead to areas being misclassified as dense vegetation rather than bare land. When using the FCD model, this issue is tackled by combining both the SI and TI. This technique will allow black soil conditions to be detected, thereby avoiding misclassifications when the SI, TI and BI are high for the same location (Rikimaru et al. 2002; Mon et al. 2012) .
Although the FCD method is effective in dealing with complex reflectance of vegetation because it incorporates biophysical information on vegetation in its computational framework, we obtained a slightly lower producer's accuracy for the Lm density class (0.65-see Table 1 ). This result may reveal some of Fig. 3 Montado canopydensity map produced by the forest canopy density model (FCD) Fig. 4 Percentage area covered by each montado canopydensity class over the study site, obtained from the FCD method the limitations of applying this method in very sparse Mediterranean vegetation. The scarcity of water resources in these regions gives rise to the presence of bare soils with high reflectance, which may overwhelm the small component reflected by sparse vegetation (Rodríguez-Galiano and ChicaOlmo 2012). The montado canopy-density range of Lm (11-40 %) represents a sparser montado type than Mm and Hm. Therefore, the high reflectivity of the bare-soil component is higher in Lm than in the Mm and Hm classes. Consequently, a relatively low level of accuracy characterises the spectral separability of bare soils and sparse vegetation in Mediterranean areas, as it occurs in areas of low montado canopy density (Berberoglu et al. 2000 (Berberoglu et al. , 2007 . In addition, it has already been stated that the FCD model may have some limitations because this method requires knowledge of ground conditions in order for threshold values to be defined (Baynes 2004; Chandrashekhar et al. 2005) . Overall, however, the FCD model showed strong agreement and good accuracy (OA = 78.0 %; K = 0.71), thereby resulting in good overall estimations of the density of montado canopy.
Conclusions
The research presented above was conducted with the aim of implementing and testing the effectiveness of the FCD model in mapping montado canopy densities, thereby helping to produce more detailed geographical information on montado areas, which in turn may be used to promote more accurate identification and assessment of montado areas as HNV farmlands. Having been assessed by using four accuracy measures, the present study reveals that the application of the FCD model is effective and can constitute an important milestone in producing more valuable information on montado canopy density at a local/ regional scale. The results show that using and combining biophysical indices such as the advanced vegetation (AVI), bare soil (BI), shadow (SI) and thermal (TI) indices leads to more reliable results when estimating and mapping montado canopy-density classes. The results obtained constitute the first remote sensing-based product for mapping montado canopy density created on the basis of the FCD model, which was originally developed for tropical forests. This research has clearly demonstrated that this approach can be applied to Mediterranean agroforestry systems.
Developing reliable methodological approaches to identifying HNV farmlands is currently a topical issue in the scientific community. Several initiatives have focused on producing strategies for precise HNV identification as a means of contributing to more targeted management options (Almeida et al. 2013; Hazeu et al. 2014) . Using detailed spatial information on montado canopy densities, such as the data obtained in this case study by applying the FCD model, will constitute relevant progress towards setting up a main methodological framework that can be applied at several scales. This will make it possible to achieve more straightforward and thorough identification of HNV farmlands in montado agroforestry systems and also reliable monitoring of changes that are occurring. This type of montado cover information is essential in providing better support for land-use planning and management policies which influence montado management, from the landscape scale to the farm and field scales. Finally, the FCD model performed well and has been proven to be an important tool for obtaining detailed spatial information on montado canopy densities. However, in order to validate the effectiveness of using this model in this Mediterranean region, more research is still required to promote complementary studies on its effectiveness in estimating and mapping montado/dehesa canopy densities across the Iberian Peninsula.
